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INHIBITION OF DIFFERENTIATION OF CYTOTOXIC T-CELLS 
BY P-SELECTESf LIGAND (PSGL) ANTAGONISTS 

Background of the Invention 

P-selectin is a cell adhesion molecule expressed, among other places, on 
vascular endothelium. Interaction of P-selectin with its ligand, PSGL (also known 
as "PSGL-1", which is expressed, among other places, on neutrophils), causes 
cells circulating in the vasculature which express PSGL to attach to the 
endothelium, where other adhesion molecules mediate extravasation into the 
surrounding tissues. Thus, the P-selectin/PSGL interaction has been a well- 
documented step in the development of inflammatory and immune responses. 

PSGL has been cloned and well-characterized as described in International 
Application No. WO98/08949 (which is incorporated herein by reference). Such 
application discloses polynucleotides encoding various forms of PSGL, including 
numerous functional soluble forms of PSGL. Thus, PSGL is a well-characterized 
molecule, the soluble forms of which are particularly amenable to administration 
as therapeutics. 

Therefore, it would be desirable to determine whether PSGL is involved in 
other cellular interactions for which forms of PSGL or other PSGL antagonists 
could serve as inhibitors. 
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25. The method of claim 24 wherein the sulfated, glycosylated 
peptides are expressed in the eukaryotic cells expressing an a 1-3 
fucosyltransferase, an a 1-4 fucosyltransferase, or an a 1/3-1-4 
fucosyltransferase (FTTII) and a core 2 01-6-N- 
acetylglucosaminyltransferase. 

26. The method of claim 24 wherein the cells are mammalian 
and the glycosyltransferases are human. 

27. The method of claim 24 wherein the peptides are selected 
from the group consisting of peptides corresponding to Sequence ID No. 
1 from 42 to 57, 42 to 67, 42 to 69, 42 to 70, 42 to 73, 42 to 77, 42 to 
80, 42 to 81, 42 to 82, 42 to 90, 42 to 91, 42 to 100, 42 to 103, 42 to 
104, and these peptides having conservative substitutions in these peptides 
which do not alter the sulfated tyrosines or attachment of carbohydrate in 
a way decreasing binding of the peptide to P-selectin. 
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Summary of the Invention 

Applicants have for the first time determined that soluble PSGL or 
antibodies directed to PSGL will inhibit the differentiation of activated 
proliferating T-cells into cytotoxic lymphocytes. Thus, soluble PSGL, PSGL 
antibodies and other PSGL antagonists will inhibit such differentiation and the 
attendant immune and inflammatory responses resulting therefrom. As a result, 
these antagonists can be used to treat diseases and other conditions which result 
from undesirable or over-aggressive immune and inflammatory responses, such as, 
for example, in allergic reactions and autoimmune conditions. 

The present invention provides a method of inhibiting the differentiation of 
an activated T-cell into a cytotoxic lymphocyte in a mammalian subject, said 
method comprising administering to said subject a therapeutically effective 
amount of a PSGL antagonist. 

Other embodiments provide for a method of treating or ameliorating an 
autoimmune condition, said method comprising administering to said subject a 
therapeutically effective amount of a PSGL antagonist. 

Yet other embodiments provide for a method of treating or ameliorating an 
allergic reaction, said method comprising administering to said subject a 
therapeutically effective amount of a PSGL antagonist. 

Other embodiments provide a method of treating or ameliorating asthma, 
said method comprising administering to said subject a therapeutically effective 
amount of a PSGL antagonist. 
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for the lack of CTL effector function. We therefore reasoned that an Fuc-T- 
dependent fucosylated structure on either T cells or antigen presenting cells (APC) 
might be required for the generation/mediation of CTL effector function. PSGL-1 
is a prominent a( 1 ,3)-fucosylated glycoprotein expressed on APC and T cells 27 . 
This molecule is functionally deficient in FT -/- mice 12 , and represents one 
candidate for a Fuc-T-dependent molecule required for CTL activation. Thus, we 
investigated the effect of soluble recombinant PSGL-1 and of PSGL-1 function 
blocking antibody, 2PH-1 on secondary in vitro stimulation of primed viral- 
specific CD8+ T cells derived from wild type mice. Wile type mice were infected 
with vv and on day 7 pi, their splenocytes were stimulated in vitro with w in the 
absence or presence of either soluble PSGL-1 or its non-fucosylated mutant and, 
or PSGL-1 blocking monoclonal antibody (2PH-1) 5 or control antibodies (anti-L 
selectin Mel 14, or anti-human PSGL-1 antibody PL-1 28 ). Both soluble PSGL-1 
and function blocking anti-murine PSGL-1 antibody, but not non-fucosylated 
soluble PSGL-1 or control antibodies tested partially inhibited development of 
viral-specific CTL relative to control antibodies (Fig. 4a) 4b and data not shown). 
However, neither soluble PSGL-1 nor anti-murine PSGL-1 antibody had an 
inhibitory effect when added during the CTL assay (not shown). Thus, a(l, 3)- 
fucosylated PSGL or a closely related molecule appears to be required for the 
generation of functional CTL but not for target cell lysis. 

To determine if this fucosylated molecule is required on APC or on T 
cells, we asked if wild type APC could activate lytic function in w-primed FT -/- 
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CD8+ T cells, or if FT -/- APC were defective in their ability to activate CTL from 
primed wild type CD8+ T cells. Wild type and FT -/- mice were infected with w 
and on day 7 pi, splenic CD8+ T cells were selected and stimulated with T cell 
depleted, w-infected, y -irradiated wild type of FT -/- splenocytes. Cytolytic 
function was detected in both wild type and FT -/- CD8+ cells when stimulated 
with wild type APC, whereas FT -/- APC were incapable of eleciting CTL activity 
on CD8+ cells from either wild type or FT -/- mice (Fig. 4c). Thus, a fucosylated 
molecule similar to PSGL-1, and expressed by APC appears to be required for 
effector CTL generation. 

Taken together, our results suggest that APC-CD8 T cell interaction 
through an a(l,3)-fucosylated molecule is necessary for the development of 
antigen-specific CD8 CTL effector function but is not required for antigen- 
specific CD8 T cell proliferation or cytokine secretion. The fact that anti-murine 
PSGL-1 as well as soluble PSGL-1 inhibited effector function generation by wild 
type CD8+ T cells and that a similar defect was not seen in selectin-deficient mice 
suggests that PSGL-1 recognition of a counter receptor(s) that is (are) distinct 
from selectins is (are) required. Although PSGL-1 was originally identified as the 
ligand for P selectin, it is now clear that carbohydrate modifications have 
profound effects on its binding. Activated Tal cells, but not resting T cells or 
activated Th-2 cells, bind P-selectin, although PSGL-1 is expressed in equivalent 
amounts of all of these cell types 29 . Carbohydrate modifications which confer 
binding ability to HECA 452, an antibody directed against the cutaneous 
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lymphocyte antigen (CLA), modulate PSGL-1 binding to E-selectin 30 . Our results 
raise the possibility of additional, selectin independent receptor(s) for PSGL-1. 
Identification of the receptors will likely lead to insights into the mechanism of 
effector CTL generation and might provide tools to modify CTL killer function 
selectively, either to enhance it for viral infections and tumors or, to suppress it in 
autoimmune diseases. 
Figure legend - Fig. 1 

FT -/- mice are severely compromised in generating viral-specific effector 
CTL, but have virtually normal LAK and SEA induced CTL activity, la. 
Splenocytes from wild type or FT -/- mice infected with vv sc, and Splenocytes & 
PEL from mice infected ip were tested for cytolysis of vv infected MC57G (H2b) 
targets by 4 h Cr release assay, lb. Splenocytes from ip infected mice were 
restimulated in vitro by incubation with w infected autologous splenocytes for 5 
days and tested for antiviral cytoxicity. For all the assays, background killing of 
uninfected MC57G targets (which was <3%) was subtracted to calculate % 
specific killing, lc. Splenocytes were cultured in vitro for 3 days in the presence 
of either 200 IU/ml recombinant IL-S and tested for lysis of Yac-1 target cells 
(LAK activity) or in the presence of 10|ig/ml SEA and CD8+ cells were selected 
and tested for lysis of Raji cells coated with SEA. 
Figure legend - Fig. 2 

FT -/- mice generate activated CD8+ T cells which proliferate and produce 
cytokines in a viral-specific manner. Splenocytes and PEL from vv infected mice 
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stained with FITC-conjugated and mouse Thy 1.2, CD4 or CD8 monoclonal 
antibodies (2a) or doubly stained with CD8 FTTC or PE and CD62-L FTTC, 
CD1 la FTTC or CD44 PE (2b) were analyzed by flow cytometry. For 2c and d, 
splenocytes from w infected mice were immunomagnetically depleted of CD4+ T 
cells and NK cells and stimulated with vv as described in Fig. lc. Three days 
later, culture supernatants were tested for IFN-y levels (2c) and cells were pulsed 
with 3 H thymidine for 3 h and counted for 3 H incorporation (2d). Shown is the 
average +/- SEM or 3 pairs of mice. 
Figure legend - Fig. 3 

FT -A but not selectin -/- mice fail to generate viral-specific effector CTL. 
Wile type mice and mice deficient for L-, P-, and -E selectins were infected with 
w and their splenocytes were tested for antiviral cytotoxicity on day 7 pi as 
described in Fig. 1. 
Figure legend - Fig. 4 

Soluble PSGL-1 and anti-murine PSGL-1 antibody inhibits development 
of effector CTL by primed wild type CD8+ T cells in vitro. Splenocytes harvested 
from wild type mice on day 7 post vaccinia infection were stimulated with w in 
the absence or presence (20 fig/ml) of soluble recombinant PSGL-1 or non 
fucosylated PSGL-1 (dead PSGL-1) (4a) or of anti-murine PSGL-1 antibody, 2 
PH-1, or anti-human PSGL-1 antibody, PL-1 (4b). Viral-specific cytotoxicity was 
measured 5 days later. 4c. FT -/- APC abrogates and wild type APC restores 
effector CTL generation. Wild type and FT -A mice were infected with w and on 
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day 7 pi, CD8+ T cells (responders) were positively selected and stimulated with 
vv infected and 7-irradiated wild type or FT -/- APC (T cells depleted 
splenocytes). Viral-specific cytotoxicity was assayed 5 days later. 
Methods 

Vaccinia viral infection. FT IV and VH -/-, L-, P- and E-selectin -/- mice 
and their wild type counterparts were maintained under SPF facility at the Center 
for Blood Research. Mice 6 - 8 weeks of age and matched for sex were used for 
the studies. Mice were infected with WR strain of vv (ATCC) either sc at the base 
of the tail or lp (10 s ptu/mice in 0.2 ml PBS). 

Cytotoxicity assays. To test viral-specific cytotoxicity, on day 7 pi, 
peritoneal exudate cells were harvested by flushing with 3 mis of PBS and/or 
spleens were collected. Splenocytes and PEL were depleted of RBC by lysis in 
0.17 M ammonium chloride and the cells were tested for killing of 5, Cr labeled, 
MC57G targets uninfected or infected with w as described earlier". For LAK 
assay, splenocytes from normal mice were cultured in the presence of 200 IU/ml 
recombinant IL2, and 3 days later, cells were tested for killing of 51 Cr labeled Yac- 
1 targets. For SEA induced cytotoxicity assay, splenocytes were cultured in the 
presence of 10|lg/ml SEA (Sigma) and CD8 T cells were selected (see later) and 
tested for lysis of Raji cells coated with SEA (100 ng/ml for 30 min before the 
assay). Cytotoxicity was defined as (test release-spontaneous release)/(maximum 
release-spontaneous release) X 100. Percent killing of uninfected targets (vv 
cytotoxicity) or uncoated target (SEA induced cytoxicity) was subtracted from that 
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of infected/coated targets to calculate viral-specific cytotoxicity. 

Antibody staining, flow cytometry and immunomagnetic depletion. To 
determine T cell subset numbers, splenocytes and PEL were stained singly with 
FTTC-conjugated anti-mouse CD3, CD4 or CD8 monoclonal antibodies 
(Pharmingen). Activated CD8+ T cells defined as L-selectin low, LFA-1 high and 
CD44 high, were assayed by dual staining with PE CD8 X FTTC Mel- 14, FTTC 
CD1 1 a or FTTC CD8 X PE CD44 (Pharmingen). For depletion of CD4+ T cells 
and NK cells, cells were stained with purified rat anti-mouse CD4 and NK 1.1 
antibodies, washed and incubated with goat anti-rat Ig G coated magnetic beads 
(Dunai, 10 beads/cell). The depleted population contained <3% CD4 or NK cells 
as determined by flow cytometry. 

In vitro restimulation with w. For APC, splenocytes harvested 6-7 days 
post vaccinia were depleted of T cells using anti-CD3 coated Dynal beads and 
infected with w (10 pfu/cell, 2 h at 37°C), irradiated (400 rads) and UV-treated as 
described in 32 . 5 X 10 6 infected cells were cultured with 5 X 10 6 autologous 
uninfected splenocytes in 24 well culture plates for 4-5 days before testing for 
CTL activity. In some experiments, CD4+ T cells and NK cells were depleted as 
described above. In some other experiments, CD8+ cells were positively selected 
using CD8+ milteny beads according to manufacturer's instructions. In some 
experiments, at the time of in vitro stimulation, soluble recombinant PSGL-1 Ig 
chimera, its non-fucosylated variant (dead PSGL-1) (gifts of Genetics Institute, 
Cambridge, MA), anti-murine PSGL-1 antibody, 2 PH-1, anti-human PSGL-1 
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antibody, PL-1 (gift of...), and anti-murine L-selectin antibody, MeI-14 (gift of....) 
were added at a final concentration of 20 Jig/ml. 

Lymphocyte proliferation and IFN-y assay. 2 X 10 5 splenocytes, depleted 
of CD4+ T cells and NK cells as described above, were cultured with equal 
numbers of y-irradiated splenocytes that were uninfected or infected with vv in 
triplicate wells of 96 well trays. Three days after stimulation, 50 \ig supernatants 
were harvested for IFN-y assay and the cultures were pulsed with 3 H thymidine 
(0.5 ^Cl/well) for 6-8 h, harvested and counted for 3H incorporation as described 
in 27 . Supernatants were assayed for IFN-y using IFN-y mini assay kit (Antigen, 
MA, USA) calibrated with and rFN-y standard according to manufacturers 
protocol. 
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Mice that are doubly deficient in the a(l,3)-fucosyltransferases, FT-IV and 
FT- VII (FT-/- mice), lack functional selectin ligands on leukocytes and endothelial 
cells. Here, we studied the effect of FT deficiency on CD8+ T cell responses to 
vaccinia virus infection. FT-/- mice developed markedly fewer cytotoxic T cells as 
compared to wild-type mice, although comparable numbers of CD8+ T cells 
accumulated at the site of infection in both strains and were capable of vigorous 
viral-specific proliferation. This defect in CTL generation was not due to impaired 
selectin-dependent T cell trafficking, because mice triply deficient in L-, P- and E- 
selectin developed normal antiviral cytotoxicity. Coincubation with wild-type 
APC induced CTL activity in primed CD8+ T cells from both FT-/- and wild-type 
mice, whereas FT-/- APC did not induce CTL generation in either strain. CTL 
generation by wild-type APC was inhibited by anti-P-selectin glycoprotein ligand 
(PSGL)-1 and by coincubation with a(l,3)-fucosylated PSGL-Mg chimera, 
whereas non-fucosylated PSGL-Mg had no effect. These results suggest a novel 
function for PSGL-1 and perhaps other fucosylated molecules on APC in the 
generation of CTLs from antigen-specific CDS* T cells, which is distinct from 
their ability to bind selectins. 
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Cytotoxic T lymphocytes (CTL) are critical mediators of antigen-specific 
host defense against viral infections. Before a CTL response can be mounted, 
naive CD8 + T cells must first encounter viral antigen on professional antigen- 
presenting cells (APCs) in secondary lymphoid organs. Antigen-activated T cells 
proliferate for several days and eventually migrate to the site of viral infection. 
Finally, they acquire effector functions, namely the ability to kill other cells that 
express cognate antigen on MHC class I and to produce effector cytokines, 
particularly interferon (IFN)-y. The CTL response is thus dependent on the 
targeted movement (homing) of leukocytes in the intra- and extravascular 
compartments. Antigen-laden APC must initially migrate from the site of 
infection to organized lymphoid tissues. Here, they stimulate naive T cells, which 
home to these organs from the blood. Subsequently, activated T cells must find 
their way back into the blood stream and from there into infected peripheral 
tissues. 

Leukocyte migration to many lymphoid and non-lymphoid organs requires 
the concerted action of one or more of the three selectins (L-, E- and P-selectin, 
CD62) and their ligands, which are reciprocally expressed on endothelial cells and 
leukocytes (1-3). Selectins mediate leukocyte rolling in microvessels by binding 
to sialyl-Lewis x (sLeX) and related carbohydrates that are frequently presented on 
sialomucin scaffolds such as PSGL-1 (4,5). A critical aspect of selectin-binding 
carbohydrates is a(l,3)-fucosylation of one or more N-acetyl-glucosamine 
residues in sialylated core-2 glycans. So far, five different a(l,3)- 



25 



WO 00/25808 PCT/US99/25501 

fucosyltransferases (FTs) have been identified in mammals, but only FT-IV and 
FT-VH are expressed by leukocytes and endothelial cells (6). Mice that are 
deficient in FT-VH have a defect in selectin-dependent leukocyte rolling and 
migration to sites of acute inflammation and lymphocyte homing to lymph nodes 
is markedly reduced (7). In contrast, FT-IV -A mice have only a mild defect in 
leukocyte rolling, whereas FT-IV+VD doubly deficient (FT-/-) mice have a 
phenotype more severe than that of FT-VH -/- animals (8). 

The importance of the selectins has been documented in many settings, 
including acute inflammation, atherosclerosis and cutaneous hypersensitivity 
responses to peripheral antigen challenge (reviewed in 2,4,5). Moreover, it has 
been reported that functional PSGL-1 is upregulated on many T cells after antigen 
recognition, and is required for their recruitment into the inflamed peritoneum (9). 
Correspondingly P- and E-Selectin antibodies severely compromise both CD4 and 
CD8 T cell recruitment to sites of acute inflammation in mice (9). However, how 
selectins and their ligands affect T cell recruitment and immune responses during 
a viral infection in vivo is not known. In particular, the role of these molecules 
during a CTL response to viral antigen challenge has not been examined. To 
address this question, we injected vaccinia virus intraperitoneally (i.p.) into FT -/- 
mice and animals that were triply deficient in L-, E- and P-selectin (selectin -A) 
(10). Vaccinia virus has been shown to induce an acute infection in wild-type 
mice resulting in the generation of a robust T cell-mediated immune response and 
viral-specific cytotoxicity can be demonstrated directly from freshly isolated 
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splenocytes and peritoneal exudate lymphocytes (PEL) without restimulation in 
vitro (11). 

All wild-type and genetically deficient animals survived the infection and 
virus levels became undetectable within 10 days post infection (p.i.) indicating 
that selectins and carbohydrates modified by FT-IV and/or FT- VII are not essential 
for viral clearance. However, the immune response to vaccinia virus is multi- 
facetted. In addition to a strong CTL response, vaccinia infection elicits natural 
killer (NK) cell function and IFN-y production by NK cells, CD4* and CD8 + T 
cells as well as a strong humoral immune response (11-17). Although CDS* CTL 
are the principal mediators of protection in normal animals (13), mice lacking 
CD8 + T cells as well as mice deficient in perforin, an important component of the 
CTL machinery, can clear vaccinia infections (12,15,17). Therefore, normal viral 
clearance in mice that are deficient in FTs or selectins does not exclude that these 
molecules have a role in the generation, migration or function of anti-viral CTL. 

Thus, we analyzed the number, composition and function of peripheral 
blood mononuclear cells (PBMC), PEL and splenocytes obtained from wild-type 
and knockout mice at day 7 p.i. Selectin -/- and FT -/- mice had much higher 
leukocyte counts in peripheral blood and spleen than did wild-type mice (Table 1). 
These results are in accordance with earlier studies that have demonstrated a role 
for selectins in hematopoiesis and leukocyte homeostasis (7,8,10,18). Although 
the frequency of CD4 + T cells in blood and spleen was comparable in all strains, 
CD8 + T cell fractions and total cell counts in these compartments were elevated in 



27 



WO 00/25808 PCT/US99/25501 

both selectin-/- and FT-/- mice. However, at the site of infection (peritoneum), 
leukocyte numbers were comparable and similar numbers of CD4+ and CD8* T 
cells were recovered in PEL from wild type and mutant mice. CD8 + T ceUs were 
the most frequent subset in PEL of all strains, probably reflecting the dominance 
of CD8 + T cell response in vaccinia infection (13). We conclude that selectin- 
ligand interaction is not essential for T cell migration to the inflamed peritoneal 
cavity in this infection model. 

Table 1. also shows that equivalent fractions of T cells in the blood, spleen 
as well as in PEL expressed activation markers (L-selectin 1 * and CD44 W ) 
suggesting that antigen-specific priming of T cells can occur normally in the 
absence of selectins or their ligands. During an inflammatory condition like a viral 
infection, not only antigen-specific T cells, but also some non-specific bystander 
cells may be activated and traffic to the site of infection (19,20). However, recent 
data using TCR transgenic mice and MHC-peptide tetramers indicate that most 
activated cells are indeed antigen-specific (21-23). Thus, it is likely that T cells in 
selectin -/- and FT -/- mice were exposed to vaccinia antigen, particularly in the 
spleen where selectins are not required for homing (7,24). 

To determine to what extent the activated CD8 + T cells in infected animals 
were vaccinia-specific effector cells, we tested PEL (obtained at day 7 p.i.) of 
infected mice for virus-specific CTL activity (25). PEL from selectin -/- mice 
specifically lysed virus-infected target cells at a level that was similar to wild-type 
controls. In contrast, PEL T cells from FT -/- mice exhibited either markedly 
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reduced levels of cytotoxicity (11 animals) or no detectable CTL activity (5 
animals) (Fig. 5A). This observation suggested that FTs, but not selectins, may be 
required for the generation of anti-viral CTL activity in vivo. To determine 
whether this involved one enzyme or both, we also tested mice that were deficient 
in FT-IV or FT-VII alone. Both strains had significantly reduced CTL activity 
compared to wild-type mice, but the reduction was more notable in the FT-VII -A 
than in the FT-IV -/- mice (not shown). The most striking reduction of CTL 
activity was seen in the FT-IV / FT-VH doubly deficient mice suggesting that both 
enzymes may be necessary to elicit optimal CTL activity. In additional 
experiments, we also tested mice that were singly deficient in P- or L-selectin 
(26,27) or doubly deficient in P- and E-selectin (18). Vaccinia-specific CTL 
activity was comparable to wild-type controls in all of these strains, which were 
each derived from independent ES cell clones (data not shown). 

Since compromised lymphocyte trafficking seemed an unlikely 
explanation for the surprising diminishment of CTL in FT -A mice, we explored 
two alternative hypotheses. First, FT -A T cells might be incapable of detecting or 
responding to vaccinia antigen. Alternatively, antigen-specific FT -A T cells 
might exist and get activated, but they may not be able to kill target cells. To test 
whether activated CD8 + T cells in FT -A mice recognize and respond to vaccinia- 
derived antigens, splenocytes were immunomagnetically depleted of CD4 + T cells 
and NK cells, and tested for vaccinia virus-specific proliferation. CD8* T cells 
from primed mice proliferated rapidly and specifically upon antigen challenge 
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(Fig. 5B). There was no difference between CD8* T cells from FT-/- mice 
compared to cells from selectin -/- or WT animals. Thus, FTs are not required for 
the proliferative T cell response to antigen, but may be necessary later when 
activated CD8+ T cells give rise to effector CTL. 

Li a separate study, we have shown that CTL activity of vaccinia-specific 
CD8 + T cells is tightly linked to the cells' ability to produce IFN-y in response to 
TCR engagement (28). Indeed, when primed FT -/- CD8 + cells were treated with 
anti-CD3, they generated markedly reduced amounts of this effector cytokine 
compared to wild-type and selectin-/- CD8 + cells that were stimulated in parallel 
(Fig. 5C). Interestingly, IFN-y production was also reduced in FT -/- CD4 + cells 
indicating that FT deficiency may not only affect the CD8+ subset (data not 
shown). Thus, FT -/- CD8 + cells lacked at least two distinct qualities of effector 
cells; CTL activity and IFN-y production. These findings led us to hypothesize 
that FTs might be required to trigger one or more decisive events that must occur 
before activated T cells can give rise to differentiated effector cells. 

The generation of Class I-restricted CTL requires interaction of CD8 + T 
cells with APC. Thus, we asked whether FTs are required in T cells or in APC to 
promote CTL differentiation. We restimulated purified primed T cells from wild- 
type mice with APC (i.e. T cell-depleted, vaccinia virus-infected, y-irradiated 
splenocytes) from FT -/- animals and vice versa (29). Cytolytic activity was 
reproducibly induced in both wild-type and FT -/- T cells that encountered 
vaccinia antigen presented by wild-type APC, whereas FT-/- APC were incapable 
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of eliciting CTL activity on CD8* cells from either wild-type or FT -/- mice (Fig. 
6). 

These results strongly suggest that one or more a(l,3)-fucosylated 
molecule(s) on APC induce(s) the generation of CTL from activated CD8 + T cells. 
One of the candidate molecules we considered was PSGL-1. This sialomucin is 
expressed on the surface of myeloid and lymphoid cells and can be modified by 
FTs on many leukocytes including dendritic cells (reviewed in 5). PSGL-1 protein 
is expressed at normal levels on FT -/- leukocytes, but it is functionally deficient 
because it lacks the fucosylation needed to serve as a selectin ligand (8 and data 
not shown) . To assess whether fucosylated PSGL-1 was involved in CTL 
differentiation, we took two approaches. First, we harvested primed splenocytes 
from vaccinia infected wild-type mice on day 7 p.i. and restimulated the cells with 
wild-type APC for five days in the presence of mAb 2PH-1 to the N-terminus (aa 
42-60) of murine PSGL-1 (30,31). This mAb significantly inhibited CTL 
generation, whereas mAb Mel- 14 to murine L-selectin (32) had no effect (Fig. 
7A). Second, we exposed primed CD8 + T cells to vaccinia virus-infected wild- 
type APC in the presence of a soluble protein consisting of the 40 N-terminal 
amino acids of human PSGL-1 linked to human Ig heavy chain (PSGL-l/Ig) (33). 
Recombinant PSGL-l/Ig was either generated in cells that had been cotransfected 
with core-2 enzyme and FT- VII (to generate PSGL-l/Ig decorated with sLeX-like 
carbohydrates or from cells that expressed only core-2 enzyme, but not FT- VII 
(mimicking non-fucosylated PSGL-1 in FT mice). Coincubation with the 
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fucosylated PSGL-l/Ig partially blocked the generation of viral-specific CTL, 
whereas non-fucosylated PSGL-Mg had no effect (Fig. 7B). Importantly, 
inhibitors of PSGL-1 were only effective when they were present during T cell 
stimulation by APC. Neither anti-PSGL-1 nor fucosylated PSGL-l/Ig inhibited 
target cell lysis when they were added only during the CTL assay (not shown). 

These findings demonstrate a novel physiological role for the a(l,3)- 
fiicosyltransferases, FT-IV and FT-VH, in APC. Our data suggest that FTs exert 
this pivotal role by decorating surface-expressed glycoproteins on APC, one of 
which is PSGL-1. Since anti-PSGL-1 and PSGL-l/Ig were only partially effective 
in blocking the in vitro generation of CTL from primed wild-type CDS* cells, it 
cannot be excluded that additional fucosylated molecules exist on APC that may 
play a similar role. However, mAb 2PH-1 was originally raised against a synthetic 
peptide resembling the N-terminus of murine PSGL-1 and was selected to block 
P-selectin/PSGL-1 interactions (30). The finding that CTL activity was normal in 
selectin -/- mice suggests that activated CD8 + cells express counter-receptor(s) for 
PSGL-1 that must be distinct from the known selectins. It is therefore possible 
that the hypothetical receptor(s) engage(s) PSGL-1 in a manner that is not entirely 
inhibitable by mAb 2PH-1. In any event, our results indicate that the manipulation 
of FTs or PSGL-1 on APC or the putative PSGL-1 receptor(s) on T cells will be 
useful to control the generation of CD8 + effector T cells. This may prove to be a 
powerful tool to learn more about the generation and function of CTL in vivo. 
Moreover, our findings may offer a new approach to treat pathologic conditions in 
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humans that are associated with abnormal generation or function of CTL. For 
example, the ability to selectively modify this critical step might be useful to 
enhance CTL killer function during viral infections or to combat tumors, whereas 
CTL suppression might be beneficial for the treatment of autoimmune diseases. 
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TABLE AND FIGURE LEGENDS 
Table 1 

Total leukocyte counts, T cell subset frequency and activation status of CD8 + T cells in 
PEL, spleen and peripheral blood of wild-type, selectin -A and FT -/- mice. Mice were 
infected by i.p. injection of vaccinia vims (10 5 pfu/mouse) and at day 7 p.i., peripheral 
blood was obtained by tail bleeding and PEL and spleen were harvested. After lysing of 
RBC, leukocyte counts were performed on all samples using a hemocytometer. To 
determine T cell subset proportions, aliquots of cells were labeled with FITC-conjugated 
anti-CD4 and PE-conjugated anti-CD8 and analyzed on a flow cytometer (FACScan, 
Becton Dickinson) following standard procedures. To determine the activation status, 
cells were labeled with anti-CD8 FTTC and anti-L-selectin PE or anti-CD8 FTTC and 
anti-CD44 PE. Shown are % CD8 4 T cells that were L-selectin low or CD44 high. L- 
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selectin levels are not shown for selectin-/- mice because all cells were negative for Lr 
selectin. Mean+A SD from 6 mice in each group are shown. 



Fig. 5 

Anti-viral CTL activity and DFN-y production but not virus-specific proliferation is 
markedly reduced in FT-/- mice. 5A. CTL activity is reduced in FT-/- but not in 
selectin-A mice. Wild-type, triple selectin-A and FT-A mice were infected with w ip 
and 7 days later, their PEL were tested for lysis of vv infected 51 Cr labeled MC57G 
target cells (25). Scattergrams for 16 wild-type, 16 FT-A and 10 selectin-A mice at 4 
different effector: target (E:T) ratios are shown. Each symbol represents the mean 
percent specific cytotoxicity (from triplicate measurements) of cells from a single 
animal. 5B. Viral-specific proliferation is comparable in selectin-A and Fr-A mice. 
Mice were infected with vv and 7 days later, their splenocytes were 
immunomagnetically depleted of CD4 + T cells and NK cells. 2xl0 5 depleted 
splenocytes were cultured with equal numbers of T cell-depleted and y-irTadiated 
splenocytes that were uninfected or infected with vv in triplicate wells of 96-well 
plates. Two days after stimulation, the cultures were pulsed with 3 H thymidine (0.5 
|iCi/well) for 6-8 h, harvested and counted for 3 H incorporation. Shown is the mean 
cpm +A S.D. from 3 mice for each strain. SC. IFN-Y_production is reduced in FT-A 
mice but not in selectin-A mice. PEL obtained on d7 pi were stimulated with 1 jig/ml 
aCD3 in the presence of Brefeldin A for 6 h, stained with anti-CD8 Cychrome, fixed, 
permeabilized and then stained with anti-IFN-Y_PE using intracellular staining kit 
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(Pharmingen) before analyzing in a flow cytometer. Representative results from 1 
mouse for each strain (out of 3 animals tested with similar results) are shown. 

Fig. 6 

a(l,3)-fucosylated PSGL-1 is required on APC for the induction of CTL activity in 
activated CD8+ cells. 

Wild-type and FT-A mice were infected with vv and 7 days later, their splenic CD8 + T 
cells were immunomagnetically selected and stimulated with vv-infected wild-type or FT- 
A APC (T cell depleted, y-irradiated splenocytes). Cytotoxicity was measured after 5 days 
of culture as described in Fig. 5 and ref.25. Results from 2 mice for each strain are 
shown. 

Fig. 7 

Secondary stimulation of CTL activity in primed wild-type CD8 + T cells is specifically 
attenuated in the presence of PSGL-1 blocking antibody or in the presence of recombinant 
a(l,3)-fucosylated PSGL-1. Wild-type mice were infected with vv and 7 days later, 
splenocytes were harvested and stimulated with vv in the absence or presence of 20fig/ml 
blocking anti-PSGL-1 antibody, 2 PH-1, or control anti-L-selectin antibody, Mel-14 (7A) 
or in the presence of soluble recombinant fucosylated or non-fucosylated PSGL-1 -Ig (7B). 
Cytotoxicity was determined after 5 days of culture as described in Fig.5 and ref.25. 
Results from four individual mice for 7A and three mice for 7B are shown. 
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Table 1 



Total Cells 


Blood xlO"/ml±S.D. 


PEL xlO"±SJ>. 


Spleen 


xl0 6 ±SD. 


+/+ 


5.8 ±0.8 


16.1 ±3.1 


117.5 ±11.0 


oclcCun -/- 


17,5 ±2.0 


19.2 ±3,3 


262.5 ±59.0 


FT -/- 


20.7 ±6.3 


20.75 ±5 J 


300 ±88 


CD4*T cells 


Percent Total ±S.D. 




12.3 ±5.5 


22.9 ±5.0 


17.2 ±2.1 


o&iccnn 


9-24 ±2.7 


18.3 ±4.1 


17.5 ±3.5 


FT-/- 


10.1 ±3.2 


23.8 ±4.6 


21.4 ±4.7 


CD8 T T cells 


Percent Total ±S.D. 




+/+ 


11.1 ±7.2 


42.4 ±14.0 


10.6 ±2.6 


Selectin •/- 


19.8 ±7.3 


50.6 ±11.5 


20.9 ±8.0 


FT-/- 

( 

4 

■ L 


19.3 ±8.0 


56.5 ±6.1 


21.3 ±4.6 


Activation Scams of CD 8 T cells 






L- selectin 
low 


CD44 
hish 


L-selectin 
low 


CD44 
bieb 


L-selectin 
low 


CD44 
high 


+/+ 


73±8 


86±5 


85±7 


96±1 


58±5 


59±3 


Selectin •/• 




89±6 




98±2 




62±3 


FT -/- 


79±5 


92*3 


83*3 


98±1 


54±5 


61 ±7 
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Claims: 

1 . A method of inhibiting the differentiation of an activated T-cell into a 
cytotoxic lymphocyte in a mammalian subject, said method comprising administering to 
said subject a therapeutically effective amount of a PSGL antagonist. 

2. The method of claim 1, wherein said PSGL antagonist is selected from 
the group consisting of a soluble form of PSGL, an antibody directed to PSGL, an 
antibody directed to sLe x , an antibody directed to sulfated tyrosine, sLe x , mimetics which 
inhibit sLe x binding and a small molecule inhibitor of PSGL binding. 

3. The method of claim 2, wherein said PSGL antagonist is a soluble form of 

PSGL. 

4. The method of claim 2, wherein said PSGL antagonist is an antibody 
directed to PSGL. 

5. A method of treating or ameliorating an autoimmune condition, said 
method comprising administering to said subject a therapeutically effective amount of a 
PSGL antagonist. 

6. The method of claim 5, wherein said PSGL antagonist is selected from 
the group consisting of a soluble form of PSGL, an antibody directed to PSGL, an 
antibody directed to sLe x , an antibody directed to sulfated tyrosine, sLe x , mimetics which 
inhibit sLe x binding and a small molecule inhibitor of PSGL binding. 

7. The method of claim 6, wherein said PSGL antagonist is a soluble form of 

PSGL. 

8. The method of claim 6, wherein said PSGL antagonist is an antibody 
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directed to PSGL. 

9. A method of treating or ameliorating a allergic reaction, said method 
comprising administering to said subject a therapeutically effective amount of a PSGL 
antagonist. 

1 0. The method of claim 9, wherein said PSGL antagonist is selected from 
the group consisting of a soluble form of PSGL, an antibody directed to PSGL, an 
antibody directed to sLe x , an antibody directed to sulfated tyrosine, sLe x , mimetics which 
inhibit sLe x binding and a small molecule inhibitor of PSGL binding. 

11. The method of claim 10, wherein said PSGL antagonist is a soluble form 
of PSGL. 

12. The method of claim 10, wherein said PSGL antagonist is an antibody 
directed to PSGL. 

13. A method of treating or ameliorating asthma, said method comprising 
administering to said subject a therapeutically effective amount of a PSGL antagonist. 

14. The method of claim 13, wherein said PSGL antagonist is selected from 
the group consisting of a soluble form of PSGL, an antibody directed to PSGL, an 
antibody directed to sLe x , an antibody directed to sulfated tyrosine, sLe x , mimetics which 
inhibit sLe x binding and a small molecule inhibitor of PSGL binding. 

15. The method of claim 14, wherein said PSGL antagonist is a soluble form 
of PSGL. 

16. The method of claim 14, wherein said PSGL antagonist is an antibody 
directed to PSGL. 
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17. The method of claim 3, wherein said soluble form of PSGL comprises the 
first 19 amino acids of the mature amino acid sequence of PSGL. 

18. The method of claim 17, wherein said soluble form of PSGL comprises 
the first 47 amino acids of the mature amino acid sequence of PSGL. 

19. The method of claim 18, wherein said 47 amino acids are fiised to the Ig 
portion of an immunoglobulin chain. 

20. The method of claim 7, wherein said soluble form of PSGL comprises the 
first 19 amino acids of the mature amino acid sequence of PSGL. 

21 . The method of claim 20, wherein said soluble form of PSGL comprises 
the first 47 amino acids of the mature amino acid sequence of PSGL. 

22. The method of claim 21 , wherein said 47 amino acids are fused to the Ig 
portion of an immunoglobulin chain. 

23. The method of claim 1 1 , wherein said soluble form of PSGL comprises 
the first 19 amino acids of the mature amino acid sequence of PSGL. 

24. The method of claim 23, wherein said soluble form of PSGL comprises 
the first 47 amino acids of the mature amino acid sequence of PSGL. 

25. The method of claim 24, wherein said 47 amino acids are fused to the Ig 
portion of an immunoglobulin chain. 
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Fig 2a 
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Fig 2c 
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Fig 2d 
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Fig 5C 
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